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INTRODUCTION
Nitrogen supply and temperature change the enzymatic composition and photosynthetic rates of leaves (Lawlor, Boyle, Kendall, and Keys, 1987a ; and also the growth of organs (Lawlor, Boyle, Kendall, and Keys, in preparation) . Nitrogen increases growth by increasing leaf area and allowing production of more light harvesting components and enzymes of C and N metabolism (Huffaker, 1983) but the effects of environment (particularly differences in temperature) on the interaction between carbon and nitrogen assimilation and the formation of cellular components is not well understood. Metabolic control depends on the nitrogen supply (as nitrate or ammonia), on the rate of carbon assimilation, and on the characteristics and capacities of the multiple enzyme systems leading to amino acid and carbohydrate formation. The interactions between the supply of nitrogen and temperature in regulating metabolism have yet to be quantified, despite the importance of both in determining crop production.
Abundant nitrogen supply increases the rate of amino acid synthesis, although the routes by which this occurs in vivo are not established. For example, the quantitative relationships between the several different metabolic routes of glycine and serine synthesis are unclear (Halliwell, 1978; Keys, 1980) . Also increasing the supply of nitrogen alters the proportion of photosynthetically assimilated carbon going to amino acids or to carbohydrates. Leaf cells and leaf tissue supplied with ammonia (Platt, Plaut, and Bassham, 1977'a, b; Paul, Corn well, and Bassham, 1978) or nitrate (Steer, 1973 (Steer, , 1974 form more alanine and less sucrose. The nature and magnitude of the fluxes to amino acids and to carbohydrates are important for changes in them affect the distribution of assimilates to organs (so called 'partitioning') or the fluxes control organ formation (Huffaker, 1983) and link photosynthesis to growth.
The amounts of metabolites in particular compartments ('pools') are regulated by the rates of enzyme reactions controlling synthesis and consumption. Pool size indicates the balance of processes in vivo and may show where controls operate in the system, particularly when combined with the use of tracers such as 14 C to study assimilate fluxes under steady-state conditions. However, estimation of the fluxes of material by measuring accumulation of tracer in pools at a given time is greatly influenced by the pool size (Atkins, 1969) , which varies with growth conditions. Therefore, specific activity of compounds must also be estimated. In the experiments described here, the effects of two rates of nitrate supply and two temperatures on the amounts of some assimilates and the distribution of 14 C in soluble metabolites of wheat leaves were measured. The aim was to analyse the fluxes of carbon and nitrogen under these conditions and to clarify how metabolism is altered by environment in relation to the enzyme composition of the tissues and to photosynthetic and photorespiratory rates (Lawlor et al, 1987a, b) .
MATERIALS AND METHODS

Growth conditions
Spring wheat (Triticum aestivum L. var. Kolibri) was grown with two levels of nitrate nutrition, standard Hoagland's solution and the solution with 4-fold addition of nitrate, called respectively -N and +N, at 13°C/10°Cand 23 °C/18 °C (day/night) temperature, designated C and W, in 500 fimo\ quanta (PAR) m~2 s" 1 (Lawlor et al., 1987a) . Third leaves on the main stem were sampled at approximately equivalent physiological stages in the two temperatures, i.e. when expanding, almost mature, ageing and early senescent.
Measurements ofC0 2 exchange and s *CO 2 incorporation Measurement of gas exchange in the open-flow gas systems is described in Lawlor et al. (1987ft) . Either leaf pieces, with cut ends in water, were measured in unventilated chambers, or leaves attached to the plant were enclosed in a ventilated chamber. Environmental conditions are given in the relevant Tables and Figures. Non-radioactive CO 2 exchange was measured in both systems by infra-red gas analysis. Radioactive carbon incorporation into assimilates of leaf pieces was measured using five sections (10 cm 2 total area); they were first exposed to a gas mixture of 32 Pa CO 2 , 79 kPa N 2 and 21 kPa O 2 , at either 13 °C or 23 °C, in a photosynthetically active radiation (PAR) flux of 1 000 /rniol quanta m~2 s~l for 60 min to achieve steady-state assimilation. Then 14 CO 2 gas of the same composition but containing 37-7 kBq /jmol"' was substituted; after 5 min the leaf pieces were removed and frozen within 2 s in liquid N 2 .
Incorporation of 14 C into intact leaves was measured in conjunction with the measurement of photorespiration (Lawlor et al., 1987&) . Leaves in the ventilated chamber were allowed to reach steady-state CO 2 exchange in 32 Pa CO 2 ,21 kPa O 2 ,79 kPa N 2 at a saturation water vapour deficit of approximately 12 kPa, under 1 000 fimol quanta PAR m~2 s"'. Then I4 CO 2 of 14 kBq fimol"' was substituted for periods up to 10 min, when the leaves were rapidly removed from the chamber and frozen in liquid nitrogen within 2 s. Replication was 5-fold for studies with leaf pieces and 3-fold for attached leaves.
Extraction of soluble components of leaf tissues
Leaf pieces from the unventilated chambers were rapidly extracted in 4-0 cm 3 of boiling 50% ethanol plus 0-1% EDTA for 2 min; the supernatant was decanted off and the tissue re-extracted in 2-0 cm 3 of boiling solvent. Under these conditions the sugars and amino acids are stable, but small changes may occur in the phosphate ester fraction (Bieleski and Young, 1963) . Supernatants were combined and a further two extractions made to remove 96% or more of the 14 C in the tissue. Pooled extracts were made up to 10 cm 3 . The leaves from the ventilated chambers were extracted twice in 50 cm 3 of methanol/chloroform/formic acid/water (MCFW) at -10 °C (Bieleski, 1965) ; the aqueous and chloroform phases of the combined extracts were separated by partitioning.
Analysis of 14 C incorporation into metabolites
One cm 3 of the pooled extracts from leaf pieces was dried in a vacuum desiccator and the residue dissolved in 0-1 cm 3 50% ethanol; components in 001 cm 3 of extract were separated by twodimensional thin layer chromatography (T.L.C.) on starch/cellulose plates using the solvent systems: propanol: ammonia: water (6:3:1+ 0-2% EDTA) in the first direction and isopropanol: formic acid (98%): water (11:5:3) in the second (Bieleski, 1965) . Radioactivity was detected by autoradiography using C-54 film (Kodak Ltd.). Spots, identified from maps made with authentic compounds, were removed from the plates in Pyroxylin film. Radioactivity was counted in a scintillation counter (Intertechnique, France) and corrections for losses etc. made by comparison with standards subject to the same procedures. More than 90% of 14 C was recovered after T.L.C. Components of the aqueous fraction of the MCFW extract were separated by Sephadex ion-exchange chromatography into neutral (sugar), acid (phosphate esters) and basic (amino acid) fractions by the method of Redgewell (1980) . Radioactivity was determined by scintillation counting in toluene/triton cocktail.
Sugars were analysed in dried aliquots of the neutral fraction by gas chromatography (G.C.) of the silyl-derivatives (Trisyl Z, Pierce Chemical Co.). Amino acids were quantified by G.C. of the iV-heptafluorobutyryl n-propyl esters (Kirkman, 1974) ; 14 C, mass and the specific radioactivity ( 14 C/ 12 C ratio) were determined by radio-gas chromatography.
Measurement of metabolic intermediates
Mature leaves (4-fold replication) were removed from plants in the growth room and frozen in liquid nitrogen within 2 s, and stored at -20 °C in MCFW solution until soluble metabolites, in the aqueous phase of the MCFW extracts, were measured. Ribulose tosphosphate content was assayed by carboxylation with 14 CO 2 , catalysed by RuBP carboxylase. 3-phosphoglyceric acid (3PGA) content was measured by reduction to glyceraldhyde 3-phosphate with NADPH and ATP, catalysed by 3-phosphoglycerate kinase and glyceraldehyde 3-phosphate dehydrogenase (Latzko and Gibbs, 1972) . Sucrose was measured by gas-chromatography and starch by hydrolysis with amyloglucosidase followed by measurement of the glucose released.
RESULTS
Amounts of soluble components
The amount of RuBP per unit area of leaf ( Fig. la) was greatest in leaves at about maturity, and decreased as the leaves aged; that of 3PGA ( Fig. 1 b) was greatest in expanding leaves and decreased with leaf age similarly in all treatments. Leaves from the low N treatments had more RuBP (particularly in the cold) and 3PGA than those with extra N. Sucrose ( Fig. 2a) was the main sugar in leaves under all treatments; younger leaves contained more sucrose than older particularly in the warm and with deficient nitrate. Reducing sugars (fructose plus glucose) and raffinose were only 5% to 20% of the mass of sucrose (data not shown). More glucose plus fructose was found in cold-grown leaves than warm and more in low than high-nitrate plants. Raffinose accumulated in older leaves and more in the cold than in warm conditions particularly with deficient nitrogen. The starch content of younger leaves was independent of nitrogen and growth temperature ( Fig. 2b : first three sampling occasions), but the amount increased in older leaves particularly with nitrate deficiency, and in the cold. Total amino acid content of the third leaf was described in Lawlor et al. (1987a) . Plants grown with additional nitrate contained much more amino acid than those grown without, particularly with cool temperatures; nitrate deficient, warm-grown plants had least. The main amino acids were glutamate (Fig. 3a) and aspartate (Fig. 3b) , as measured these pools include glutamine and asparagine respectively, glycine (Fig. 3c) and serine (Fig. 3d) ; amounts of the amino acids were strongly correlated.
C incorporation
The amount of 14 C recovered after 5 min exposure to 14 CO 2 in the unventilated chamber (Table 1) was greater from +N than -N and cold-compared to warm-grown leaves, when averaged over both measurement temperatures, and slightly more was incorporated in warm conditions than in cold. A greater proportion of 14 C was in amino acids in leaves grown with additional nitrate, and in the cold.
Phosphorylated intermediates retained more l4 C under cool measurement temperatures, and with nitrate deficiency and warm growth conditions. A smaller proportion of 14 C was recovered in sugars when the proportion in amino acids was large, and with cool growth and measurement temperatures. Incorporation of 14 CO 2 into attached leaves in a ventilated chamber at 20 °C was similar to that described. Over the 10 min time course (Table 2) more 14 C was incorporated into the +N treatments than -N but the difference between growth temperatures was small. The proportion of 14 C in the amino acid fraction was greater, and that in the sugar fraction smaller, in +N than -N treatments and the difference increased with exposure. With additional nitrate, particularly with cool growth conditions, 14 C in amino acids increased for up to 10 min; with deficient nitrate the amount was constant after 5 min. The phosphate ester fraction saturated with 14 C within 2 min under all conditions and organic acids after 5 min in warm but not cool-grown leaves. Most of the 14 C in the neutral fraction was in sucrose with more in leaves grown in warm, and with deficient N. The ratio of 14 C in glycine/ 14 C in serine (Fig. 4) was much greater initially in the warm compared to cold treatments but fell with time.
Specific activity of serine, glycine and sucrose
The specific radioactivity (SA = 14 C/( 12 C+ 14 C)) of glycine ( Fig. 5a ) increased with duration of exposure to 14 CO 2 , and saturated in all treatments after 5 min but at very different relative specific activities (RSA = SA of component/S/4 of feeding gas), e.g. it was (26) (0-9) (1-7) (1-1) (1-8) (6-3) (08) (3-87) (1-2) (2-7) (8-5) (0-9) (2-5) (1-9) (3-5) greatest in W -N grown leaves and smallest in C + N grown leaves. RSA of the carbon in serine (Fig. 5b) increased rapidly up to 5 min and was constant except in the W -N treatment. Glycine had a rather larger RSA than serine in all treatments except the C + N where that of serine exceeded that of glycine and the values were small.
Sucrose had a very low specific activity (data not shown) in all treatments, due to the large sucrose pool.
DISCUSSION
There is relatively little effect of environment during development on assimilation of leaves at maturity in this experiment (Lawlor et al, 19876) . However, nitrate reduction to ammonia competes with CO 2 for electrons, and ATP is needed for operation of the glutamateglutamine cycle of NH 3 assimilation and for synthesis of proteins which increase with additional nitrate (Lawlor et al. 1987a, b) . Rates of nitrate reduction were not measured in these experiments, but the relative magnitude of the energy requirements for nitrate and CO 2 reduction processes may be calculated for a plant with 4% N and 40% carbon (approximately 0-3 and 3-3 mol N and C per 100 g dry matter), with all N in proteins and all C in carbohydrates and with photosynthesis and photorespiration of 21 and 3 jmiol CO 2 m~2 leaf s" 1 respectively. Carbon assimilation by the PCR cycle requires about 4 ATP and 3 NADPH, photorespiration consumes 3 NADPH or equivalents and produces 3 ATP per CO 2 evolved and total dark respiration consumes 1/3 of the net photosynthesis (forming 6 ATP per mol CO 2 evolved). An approximate energy cost of 11 mol ATP and 20 mol NADPH is obtained for 3-3 mol C in dry matter. Nitrate reduction to amino acids and incorporation into protein requires a total cost (including the glutamine/glutamate cycle and photorespiration) of 2-9 mol NADPH and 2-3 mol ATP, approximately 13% of total reductant and 18% of ATP used in carbon fixation. This is probably an overestimate as the cost of carbon in lipids is neglected, so differences in CO 2 assimilation with the nitrate treatments would be relatively small. 
Pool sizes of intermediates
The data suggest that the smaller contents of RuBP and 3PGA with additional nitrate, but small effects of temperature, are due to the greater demand for carbon outside the chloroplast, rather than inadequate RuBP synthesis, as PCR cycle enzyme content and light harvesting capacity (Lawlor et al, 1987a, b) were larger with additional nitrate. If RuBP is not free in the chloroplast stroma, but bound to ribulose fe/sphosphate carboxylase-oxygenase (RuBPc-o) enzyme sites, a correlation between RuBP and the amount of protein would be expected. However, RuBP decreased more than did the amount of enzyme with leaf age, suggesting that regeneration of RuBP controls the pool size as the tissue ages. As RuBP and RuBPc-o were not measured on the same samples, and as the slow killing time (turn-over FIG. 5. Relative specific radioactivity of amino acids, glycine (a) and senne (b) extracted from the third leaf of wheat grown under the conditions described in Fig. 1 , during exposure to '*CO 2 for up to 10 min under constant photosynthesis.
time of the RuBP pool is of the order of 0-5 s) may have systematically underestimated RuBP content, the exact controls on the pool size are unclear. The response of 3PGA to treatments and leafage paralleled that of RuBP as expected from the autocatalytic nature of the CO 2 assimilation cycle. The increase in 3PGA pool size and the amount of 14 C in it with low nitrate and warm temperature suggest that growth conditions alter the relative sizes of the photosynthetic (chloroplast) and non-photosynthetic (cytosolic and mitochondrial) 3PGA pools.
The effects of environment on sucrose and starch content may have resulted from a change in the balance between C assimilation and demand for C in amino acid synthesis and in growth. Warm temperature increased growth rate (and presumably respiration rate) of plants (Lawlor et al., in preparation) so with a similar rate of photosynthesis less sucrose accumulated in young leaves and less starch in old leaves (which act as a storage reservoir) compared to cool-grown plants. With nitrate deficiency, carbon was not removed for amino acid synthesis thus giving more sucrose and starch at both growth temperatures. The larger pools of amino acids with additional nitrate, and their enhancement by cool conditions, may have resulted from a combination of the greater nitrate reductase activity in the cold (Lawlor et al, 1987a) and synthesis of amino acids by glycolate and non-glycolate pathways (Beevers, 1979) , together with slower consumption of amino acids in protein synthesis (Huffaker, 1983) . Plant dry matter increased by only 10% to 15% with additional nitrate (data not given), and it is unlikely that differences in consumption were solely responsible for the much greater content of amino acids. These differences could be caused by an increased carbon flux to amino acids together with multiple storage pools in organelles and vacuoles (Oaks and Bidwell, 1971) ; data on the sizes of the pools in specific cellular compartments and of the carbon fluxes between them are required for a more detailed analysis of the effects of environment on metabolism.
14 C contents, specific activity and carbon fluxes A scheme of C and N fluxes in leaves (Fig. 6) , based on Tolbert (1976) , Beevers (1979) and Halliwell (1978) provides a framework for interpretation of the data. Glycine is synthesized via the glycolate pathway and serine by this route or by the phosphorylated and non-phosphorylated pathways. Our data suggest that the non-phosphorylated path may function, but as glycerate is also produced from the glycolate pathway carbon flux, interpretation is difficult. A phosphorylated pathway from 3PGA to phosphoserine (which contained 14 C in our experiments) requires a chloroplastic phosphoglycerate dehydrogenase and a cytosolic serine phosphate transferase (Larsson and Albertsson, 1979) . The phosphorylated route may be slower in warm measurement conditions as the proportion of 14 C was slightly smaller. With similar assimilation rate and constant specific activity of CO 2 supplied (although photorespiration may decrease the SA of CO 2 in the leaf very early in the feeding period), the PCR cycle carbon would have been similarly labelled in all treatments. Calculations of the RSA of CO 2 evolved in the photorespiration (Ludwig and Canvin, 1971) suggests that photorespiratory carbon was directly derived from photosynthesis and was of similar specific activity. Therefore, carbon moving to secondary products would have similar SA, and the 14 C content of metabolites is a good estimate of the relative sizes of the carbon fluxes (Atkins, 1969) . However, the 14 C content of the pool will not indicate the total carbon flux if metabolites are withdrawn by other reactions.
The
14 C distribution in assimilates was substantially modified by growth conditions. The switch of carbon to serine and glycine at the expense of sucrose and P esters, in cool-grown leaves and with additional nitrate, is of considerable importance to the growth of the plant. We suggest that additional nitrate increases the rate of amino acid synthesis, presumably via the GS/GOGAT cycle, and that transport of the products to the cytosol leads to synthesis of serine and other amino acids by means of transamination reactions. The effect would be to remove carbon from the chloroplast (hence the smaller pools of RuBP and 3PGA), to decrease the flux of carbon to sucrose and starch (possibly a passive response to demand for amino acid synthesis) and the transport of reducing power to the cytosol enabling more NO J to be reduced. In cool conditions the glycolate pathway flux was slower than in warm so that more amino acids would be synthesized by the alternative routes. This, coupled with ta= transamination DHAP= dihydraxyacetone phosphate°2 RuBP \ P-hyd. pyruvate , -4a->| % \ /3-hyd.pyr. the (probably) slower protein synthesis in the leaf and translocation to other organs for growth, would cause accumulation of amino acids in storage pools and a decrease of sucrose, coupled with an accumulation of nitrate (Lawlor et al., 1987a) . In warm conditions more amino acids would be synthesized via the glycolate pathway, hence the larger ratio of 14 C in glycine to that in serine in the first 2 min of feeding (Fig. 5 ) compared to the cool conditions. Protein synthesis and translocation would be faster in warm conditions so that depletion of the amino acid pools would be greater than in cool temperatures. The evidence of the RSA and kinetics of 14 C incorporation in leaves from various treatments, suggest that storage pools are negligible in W-N, greatest in the C + N treatment (60% and 75% of the total serine and glycine pools respectively) and intermediate in the other treatments. Thus, changes in the composition of the leaf tissue, with different environments during growth, leads to change in the enzyme composition, which does not greatly increase rates of assimilation, but interacts with the supply of nitrate and temperature to alter the fluxes of carbon into amino acids, sugars and starch. Photorespiration is not affected by the complement of enzymes but is determined by temperature; metabolism by non-glycolate pathway routes provides flexibility in synthesis of essential products. Storage pools of amino acids provide a buffer for the requirements of growth, itself dependent on temperature.
3P-serine
A switch of carbon into amino acids at the expense of sucrose has been observed in leaf mesophyll cells (Paul et al, 1978) and leaves (Platt et al, 1977a, b; Steer, 1973 Steer, , 1974 , where addition of ammonia or nitrate (followed by reduction in vivo) stimulates alanine synthesis and inhibits sucrose production. This is attributed to stimulation of pyruvate kinase by NH^ and increased C flow from cytosolic triosephosphate to alanine in competition with sucrose. Our data show little change in the 14 C content of alanine and this route appears negligible in wheat under the experimental conditions. The activity of sucrose phosphate synthetase, the rate-controlling enzyme in sucrose synthesis, increases sigmoidally with increased F6P and UDPG concentrations and it may be inhibited by NH4 (Platt et al, 1977'a, b) . This supports the view that C flux to sucrose may be 'passive', occurring when F6P and UDPG are available, whereas there is an active flux to amino acids, ensuring rapid use of ammonia.
To summarize, in wheat nitrate supply stimulates the flux of carbon to amino acids, probably by a non-glycolate pathway flux of triosephosphate from chloroplast to cytosol where serine is synthesized and C flux through the glycolate pathway is constant, irrespective of N, at a given temperature. Cool temperature affects the proportions of metabolic to storage pools in the tissues, probably as a consequence of slowing growth and increasing the amount of enzymes (particularly NR) in the leaf. Thus the flux of carbon to sucrose and the ratio of sucrose to amino acids in the leaf decrease with extra nitrate supply. Changes in the amounts of metabolic intermediates and their proportions depend on the interaction between temperature and nitrate concentration and involve regulation of fluxes of C and N at the chloroplast. Changes in the fluxes of C and N described here, provide a mechanism for explaining differences in the carbohydrate production of plants and for differences in the partitioning of dry matter between organs.
